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Scanning ion conductance microscopy reveals how a functional
renal epithelial monolayer maintains its integrity.
Background. To function as a transport barrier a renal tubule
epithelial monolayer needs to maintain its integrity when, sud-
den hypertonic stress causes cell shrinkage, new cells are added,
or cells in the monolayer die. However, the mechanism used to
achieve this is largely unknown. Scanning ion conductance mi-
croscopy (SICM) has been shown to be suitable for imaging
the surface of live renal cells with high topographic resolution,
and can be used to elucidate how a functional renal epithelial
monolayer maintains its integrity.
Methods. SICM was used for high spatial resolution topo-
graphic imaging of Xenopus laevis renal epithelial A6 cells cul-
tured on membrane filter inserts.
Results. The SICM images of A6 cells showed that the epithe-
lial monolayer maintains its integrity under hypertonic stress,
and during cell division and death. Sequential SICM topo-
graphic images revealed detailed structural changes and their
time course for these protective processes, which involve highly
cooperative cell movement. Some “balloon-like” structures
were observed at susceptible tight junction regions, which were
proposed to help cell maintaining the monolayer permeability
integrity.
Conclusion. SICM is a powerful tool for research on living
renal epithelial cells, and has been used to elucidate how a func-
tional epithelial monolayer maintains its integrity. Using this
technique we have observed that during hypertonic stress and
regeneration, an organized sequence of events protect the loss
of integrity of monolayer so that tight junctions and cell-cell
contact are maintained and disruption to the function of whole
monolayer is prevented.
Renal distal tubule epithelial cells have apical and ba-
solateral membrane domains of different compositions
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that express different membrane receptors and ion trans-
porters, and also are exposed to different extracellular
stimuli and osmotic environments. One of the most im-
portant functions of the kidney is homeostatic control for
fluid and the electrolytes Na+ and K+ [1, 2]. In the renal
distal tubule transepithelial Na+ transport plays a critical
role in maintaining the extracellular fluid (ECF) volume
[3]. These renal epithelia can also regulate their cell vol-
ume in response to the osmotic strength changes of the
ECF volume [4]. Under physiologic conditions, they re-
spond to hyperosmolarity by initially shrinking but then
may recovery to the original cell volume by regulatory
volume increase (RVI) [5]. Establishing and maintain-
ing this apical-basolateral functional physiologic polarity
is therefore a critical part of epithelial cell volume reg-
ulations and regenerations [6, 7]. Small openings in the
epithelial monolayer may lead to bacterial infection or
inflammation elicited by antigen. Hence, rapid sealing is
essential for the maintenance of the monolayer as an ef-
fective barrier, during both the epithelial renewal and os-
motic stress. The mechanisms of epithelial maintenance
and repairs under physiologic and pathologic conditions
are largely unknown. The maintenance of the barrier ne-
cessitates cell rearrangement in a cooperative manner in
order to preserve the integrity of the whole monolayer,
which relies on the tight junctions between cells.
The apical membranes and tight junctions of renal ep-
ithelia experience highly dynamic structural changes even
under normal physiologic conditions [8]. The renal tubu-
lar cells normally divide at a rate of about only 0.5%
per day, balancing apoptotic cells that are excreted into
the urine [9, 10]. This low renewal rate and a processing
half-life of a few hours [11, 12] make the studies on the
integrity of functional epithelial monolayers under nor-
mal physiologic conditions even more difficult. Optical
microscopy cannot resolve the fine structures of the cell
membrane surface without fluorescent probes, and this
creates new problems of photobleaching and photoin-
duced damage, especially if long periods of observation
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Fig. 1. Scanning ion conductance microscope schematic diagram. The A6 monolayer grown on a membrane filter insert is mounted on a three-
dimensional piezo stage controlled by the feedback and scan control system. The modulated glass nanopipette scans the apical side of monolayer
and obtains topographic images of the cell membrane. The scans are capable of resolving the fine structures of tight junctions and microvilli.
are required. In addition, membrane filters, which are
considered to be the better support substrate for grow-
ing epithelial cells in culture, are less transparent to
light, making it difficult to study such cultures by opti-
cal methods.
A form of scanning probe microscopy (SPM), known
as scanning ion conductance microscopy (SICM) [13],
which uses a glass micropipette as a sensitive probe, has
been shown to be suitable for noncontact imaging of
various living cells at high-resolution [14]. By using a
distance-modulated feedback control protocol [15] SICM
has achieved sufficient stability to permit real-time moni-
toring of the membrane dynamics in living epithelial cells
over 24 hours [8]. Although it is still not possible to ob-
serve directly epithelial cell response to osmotic stress
and regeneration in vivo, a well-characterized functional
A6 Xenopus laevis renal epithelial cell line [8, 16, 17] al-
lows study of these processes in vitro without interference
from nonepithelial cells. A6 cells grown as a monolayer
on membrane filters have Na+ transport properties that
are similar to mammalian renal distal tubular epithelial
cells and have been shown to be a good model for studies
of Na+ transport regulation [18].
METHODS
SICM
This method has been previously described [8, 15, 19].
The basic arrangement of our SICM for topographic
imaging of living cell monolayers grown on membrane
filters is shown in Figure 1. The SICM probe consists
of a glass nanopipette filled with electrolyte and an
Ag/AgCl electrode plugged into it. The electrode is con-
nected to a commercial Axopatch 200A patch-clamp
amplifier with a high-impedance patch-clamp headstage
(CV201A) (Axon Instruments, Inc., Union City, CA,
USA) that detects the ion current passing through the
pipette tip. The amplified ion current is digitized and fed
into feedback and scan control system. Scanning signals
X, Y, and Z are generated by this control system and
used to drive the three axes piezo translation stage (Tri-
tor) (Piezosystem, Jena, Germany) on which the mem-
brane filter with A6 cell monolayer is mounted, and the
modulation signal is fed into the high-resonant frequency
piezo (Tritor) Piezosystem) where the nanopipette probe
is mounted. The feedback control maintains the probe-
sample separation distance by vertically moving the three
axes piezo translation stage in the Z direction. The data
acquisition electronics record both the lateral and ver-
tical positions of the translation stage, which then can
be used to generate the topographical image of A6 cell
monolayer.
Nanopipettes were made from 1.00 mm outer diameter
and 0.58 mm inner diameter borosilicate glass capillaries
(Intracel, Herts, UK) using a laser-based puller (P-2000)
(Sutter Instrument Co., San Rafael, CA, USA). We typ-
ically used about 100 nm inner diameter nanopipettes
that yields lateral topographic resolution of about 100
nm, and the vertical resolution about 10 nm. The opti-
mum distance modulation amplitude was chosen as 100
nm at a frequency of 500 Hz. The time required to scan
an area of 40 to 60 lm2 was about 15 to 20 minutes. In
all experiments, nanopipettes and the bath solution were
the same physiologic L-15 medium (Gibco, Parsley, UK),
so that salt concentration gradient potentials and liquid
junction potentials were not generated.
Cell preparations and solutions
A single A6 cell line (kindly provided by Dr P. DeSmet,
Karnolieke Universiteit, Belgium) was used in all the
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Fig. 2. A6 cell monolayer response to apical hypertonic stress. (A) A6 cell morphology changes in response to apical hypertonic stress. Five time-
lapse scanning ion conductance microscope (SICM) scans of a selected area of a living A6 cell monolayer exposed to apical hypertonic solution
after time 0:00. During this period all the cell tight junctions and microvilli remained intact, thus maintaining the integrity of the monolayer.
Note “balloon-like” structures present at the intersection of the tight junctions between cells (indicated by arrows). The time marked on the
frames represents hour:minutes. (B) Time course of transepithelial electrical resistance (TEER) changes for an A6 monolayer responding to apical
hypertonic stress.
experiments, which were carried out between 127 and
134 passages. Cells were cultured as described previously
[20] on membrane filter inserts (23 mm diameter, 0.4lm
pore, 1.6×106 pores/cm2) (Falcon) (Becton Dickinson
Labware, Oxford, UK). Briefly, cells were grown and kept
in a 1:1 mixture of modified Ham’s F-12 medium and
Leibovitz’s L-15 medium (Gibco), modified to contain
105 mmol/L NaCl and 25 mmol/L NaHCO3. The mixture
was supplemented with 10% fetal calf serum (FCS), 200
lg/mL streptomycin, and 200 U/mL penicillin (Gibco).
Cells were maintained at 28◦C in an atmosphere of hu-
midified air plus 1% CO2.
The mature A6 cell monolayer was maintained in
the growth medium together with 10% FCS as above,
but supplemented with 1.5 lmol/L aldosterone (Sigma,
Dorset, UK). After 24 hours, the monolayer was incu-
bated in a serum-free medium in the presence of aldos-
terone for another 24 hours. The cells were then grown
in serum- and aldosterone-free culture medium and in-
cubated in a humidified incubator with 1% CO2 in air
for a further 24 to 48 hours. Kemendy, Kleyman, and
Eaton [20] found that the readdition of aldosterone to
these aldosterone starved A6 cells can induce Na+ chan-
nel activity.
The cells utilized for long-term SICM studies were
grown for 10 to 12 days until formation of a tight ep-
ithelial monolayer. Only cell monolayers with a stable
initial transepithelial electrical resistance (TEER) [21]
of greater than 4000  • cm2 were chosen for these ex-
periments. Prior to being used in experiments, cell mono-
layers were bathed with a modified identical isosmotic
Leibovitz’s L-15 medium (Gibco), which contained (in
mmol/L): 114 NaCl, 4.5 KCl, 1 MgCl2, 1 CaCl2, and 10
Hepes at pH7.4, with a final osmolarity as growth medium
of 260 mosmol/kg H2O. In experiments designed to ex-
amine the effects of hypertonicity, A6 cells were api-
cally exposed to 30% hypertonic stress by the addition
of 40 mmol/L NaCl into the isosmotic L-15 medium. All
subsequent studies were performed at room temperature
(26 ± 2◦C).
RESULTS
A6 cell response to hypertonic stress
In this study, the integrity of the A6 cell monolayer,
before and after hypertonic treatment, was assessed by
commercial TEER measurement [22]. We found that a
30% apical hypertonic stress has no effect on the mono-
layer permeability, since no decreases in the resistance
were detected (Fig. 2B). This is in agreement with a previ-
ous observation that even a 45% hypertonic perturbation
in apical solution osmolarity had no effect on monolayer
barrier function in A6 cells [23]. However, the shrinkage
of individual cell should directly alter the tight junctions
between cells and in turn affect the monolayer integrity.
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Fig. 3. A6 cell division within a tight monolayer. Twelve images selected from a series of 5-hour time-lapse scanning ion conductance microscope
(SICM) observations of A6 cell division processing. In the frame 0:00, the dotted ellipse encloses two newly divided and still rounded daughter cells
that have already been added to the tight monolayer. Above them, an A6 cell (marked by asterisk) is undivided, but is beginning to show signs of
doing so. The subsequent frames follow the progress of the division of this asterisked cell, which is clearly seen in frame 2:30. In frame 3:00 these
divided two daughters cells (dotted ellipse) are then incorporated into the cell monolayer. Their morphology is similar to the two cells observed in
the dotted ellipse of frame 0:00. Note the “balloon-like” structures present at the intersection of the tight junctions between the two daughter cells
(indicated by arrows). The time marked on each frame represents hour:minutes.
How does the cell monolayer preserve itself from such
sudden shrinkage? To address this we used SICM to study
the dynamic changes in the apical membrane of A6 cells
caused by making the apical culture medium hypertonic.
The topographic changes in monolayer of A6 cells in-
duced by exposure of the apical membrane to hypertonic
solution are shown in Figure 2A. Five images chosen from
a series of time lapse SICM scans of a selected area of a
living A6 cell monolayer. The first frame shows the con-
trol image of a monolayer of A6 cells on a membrane
filter at the beginning of the experiment (0:00 frame).
The cells form a well-developed monolayer with clearly
visible tight junctions and microvilli. There is a “balloon-
like” structure present at the intersection of the tight junc-
tions between three cells. After the cells were exposed
to hypertonic solution there was uniform cell shrinkage
and reduction in cell volume, but without any visible loss
of cell-cell contact (0:20 to 1:20 frames). The time se-
quences after hypertonic stimulation clearly show that
all the cell tight junctions and microvilli remained intact
and the integrity of the monolayer was preserved. Ex-
periment indicates that additional “balloon” structures
emerging immediately after hyperosmotic stimulation
and that some of these “balloons” disappear following
the RVI and cell membrane recovery. Note the changes in
the “balloons” (indicated by the arrows in the frames) lo-
calized at the tight junction area. The “balloons” emerged
within 20 minutes and disappeared after about 1 hour.
A6 cell division within tight monolayer
Once the monolayer is confluent, cell proliferation
ceases almost entirely. Only 0.5% epithelial cells of a
monolayer are reproduced daily, by duplicating their con-
tents and then dividing. This is a fundamental mechanism
by which a living monolayer replaces nonfunctioning cells
and cells lost due to apoptosis. During the cytokinesis, the
cytoplasm divides by a process known as cleavage, which
reorganizes actin and myosin filaments in the cortex to
allow the assembly of the contractile ring, as the ring con-
tracts it pulls the membrane inward so as to divide the cell
in two [24, 25].
Figure 3 shows A6 cells in a tight monolayer during the
process of division. The first frame (0:00 frame) shows
that two newly divided and still rounded daughter cells
(dotted ellipse) have been added in the tight monolayer.
They are flattening in the consequent frames (0:30 to
1:30 frames). It is noted that one “balloon” appeared be-
tween these two new cells (pointed with arrow). In the
same frame, another cell is undivided, but is beginning
to do so (marked by asterisk). The subsequent frames
show this asterisked cell becomes rounded (0:30 to 1:30
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Fig. 4. Dead A6 cell removal from a tight monolayer. A series of 5-hour time-lapse scanning ion conductance microscope (SICM) scans of a process
of an A6 monolayer removing a dead cell. Sequence images of a selected area of the monolayer showing the death of an A6 cell (center of image,
frames 0:00 to 2:15). After its removal (at arrow) it appears to be replaced by a “balloon-like” structure, which is pinched off from monolayer after
the formation of the “five cells tight junction joint” (frames 3:45 to 4:00). The time marked on the frames represents hour:minutes.
frames) and then is extruded from the monolayer when
it starts dividing (1:45 to 2:00 frames). Following extru-
sion the cytoplasm divides by a cleavage process and the
cleavage furrow is clearly visible in the topologic image
(2:15 frame). Then cytokinesis is accomplished by pinch-
ing of the cell into two daughter cells by the contractile
ring (2:30 frame). These divided cells (dotted ellipse, 3:00
frame) are incorporated into the cell monolayer and with
a similar morphology to the cells observed in the dotted
ellipse of frame 0:00. As observed, these two new divided
cells flatten out again (3:30 to 4:45 frames). We observed
that after addition of these new epithelial cells into the
monolayer, the tight junctions between the two daughter
cells and three neighbors are extending and form a “five
cells tight junction joint” (pointed by arrows), a structure
that has previously been proposed closing single-cell de-
fects [26] and in epithelial organization during embryo
early development [27]. The “balloon-like” structure also
appeared at this “five cells tight junction joint.”
It takes about 4 hours for the A6 monolayer to adjust to
the addition of new cells and to restore a tight monolayer.
During this process, cells can be observed moving rela-
tive to one another and changing their neighbor-neighbor
relationships without losing cell contact or the integrity
and apical-basolateral polarity of the cell monolayer.
Dead A6 cell removal from the monolayer
Renal epithelial cell death is usually in balance with
cellular division at various stages of development, injury
and repair. A series of SICM images show that the dead
cell is extruded apically out of the plane of the epithelial
monolayer (Fig. 4). The dead cell (one in the center of
the 0:00 frame) initially contracts and is then extruded on
a long protrusion (0:30 to 2:00 frames), and then rapidly
pinched off (2:15 frame). During this process, the sur-
rounding cells moved close to the dying cell and also
partially lift up their membrane structures (0:45 to 2:15
frames). As this dying cell disappears into the culture
medium, although the tight junctions of all neighbors
do extend rapidly, there is still a period when there is a
small gap among six cells (arrow pointed in 2:15 and 2:30
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frames). A special membrane structure, similar to “bal-
loons” observed during hyperosmotic stress and cell divi-
sion, appears within the region of the apical junction (2:45
to 3:45 frames), maintaining the integrity of the mono-
layer. Curiously, after the formation of the “five cells tight
junction joint” (3:45 frame) so that no gaps appeared in
the monolayer, the “balloon” structure is pinched into
the medium (4:00 frame). Once initiated, the stages of
this extrusion take about 2 hours (0:30 to 2:00 frames),
with 15 minutes for the cell to be pinched off from the
monolayer (2:15 frame), and another 90 minutes for tight
junctions resealing (2:30 to 4:00 frames).
The total time for the A6 cells monolayer to lose a sin-
gle dead cell is about 4 hours. After the removal of a single
dead cell from the monolayer, the neighboring cells flat-
ten and the tight junctions become normal (5:00 frame).
During such a process A6 cells are also shown to be
able to rearrange membrane structures and change their
neighbor-neighbor relationships, without losing cell con-
tact and apical-basolateral polarity of the cell monolayer.
DISCUSSION
Using high resolution SICM, we have discovered that
under hypertonic stress and during regeneration, the re-
nal epithelial monolayer maintains itself as a polar barrier
by a series of highly coordinated responses of cells in the
monolayer. This organized sequence of events prevents
the loss of integrity of the monolayer so that tight junc-
tions and cell-cell contact are maintained and disruption
to the function of whole monolayer is prevented.
Our SICM observations demonstrate that, under phys-
iologic conditions, renal epithelial single cell death might
coexist with cell division in the live A6 monolayer. During
both processes, one cell is in charge first and protrudes
its apical membrane, which induces lateral contraction
[8]. All the neighbors of this contracted cell can be ob-
served moving relative to one another and changing
their neighbor-neighbor relationships, and an area of the
plasma membrane of neighbor cells is also extended to-
ward this regenerating cell. The cells seem to be drawn
to this cell by the contraction of a “purse string” actin
ring, which is formed between the regenerating cell and
its neighbors [26, 28, 29]. Through this mechanism the
monolayer maintains the apical-basolateral polarity, and
following the closing of the actin ring it resumes its normal
epithelial function without any delay required by redif-
ferentiation.
In the process of removing a dead cell, which is thought
to produce more leakage than cell division, the neighbor-
ing cells were drawn progressively into the space occupied
by the dying cell’s until this space eventually was closed by
neighbors in a pinhole pattern with all the tight junctions
between these neighbors extending to a point to form a
rare “five cells tight junction joint” [26]. A similar mech-
anism has been described recently for the extrusion of
apoptotic cells in ultraviolet-radiated Madin-Darby ca-
nine kidney (MDCK) monolayers [29]. Similarly, reports
on programmed cell death in the epithelial monolayer
of the lining of an adult intestine suggest that these cells
may also be cleared by extrusion [30]. Moreover, clear-
ance of dead cells by this process may contribute to the
resolution of inflammation and failure of this clearance
may contribute to the persistence of the inflammatory
process.
The A6 cell under apical hyperosmotic stress constructs
“balloon-like” structures specifically at the stressed tight
junctions, and similar changes are also found at the in-
tersection point during the formation of a five cells-tight
junction joint in single cell division and during cell death.
Based on our previously published data such “balloon-
like” structures are rarely observed by SICM in A6 cells
under normal conditions, including during cell height and
volume changes and reshaping of cell borders [8]. These
“balloons” appear at susceptible junction regions and
also before the sealing of tight junctions after which they
disappear. It seems that the “balloon-like” structure is a
device keeping monolayer permeability integrity. How-
ever, it is still not clear whether these structures con-
sist of transmembrane proteins or lipids. This uncertainty
is due primarily to our lack of knowledge of the struc-
tural components of epithelial tight junctions [7]. Using
these “balloon-like” structures, renal epithelia maintain
other functional plasma membrane structures, such as mi-
crovilli, which allow rapid recovery of cell function after
RVI.
Although there are numerous unanswered questions
regarding the precise role of the membrane structures
that maintain the renal epithelial monolayer integrity,
SICM can provide detailed information about the fine
structure changes during epithelial cell regeneration and
hypertonic stress that helps to understand the relation-
ship between membrane structure and cellular function.
SICM has the potential to become a powerful tool for
research on living renal cells.
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